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In this paper, a two-dimensional lattice-gas model is applied to study the stability and 
lattice distortion of sI clathrate hydrates of ethylene. Two levels of approximation are 
considered for the lateral interactions between the adsorbed molecules. By using Monte 
Carlo simulations, adsorption isotherm (coverage of the cavities as a function of the 
chemical potential), degree of deformation of the sI structure, and free energy of the 
adsorbed phase are obtained. A direct relationship between cell distortion and cell 
occupancy is observed. In addition, the minimum distortion coincides with the minimum 
value of the free energy. Accordingly, the stability phase diagram can be calculated from 
the values of the chemical potential at the minimum deformation. The obtained results 
indicate that the most stable condition of the system occurs for values of the cavity density 
ranging between 0.35 and 0.4. Finally, MC results are compared with data from 
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Ethylene 
1. Introduction 
Clathrate hydrates are a certain kind of inclusion c mpounds formed by a mixture of water 
and components of low molecular weight [1, 2]. Through hydrogen-bonds, water molecules 
form a regular crystalline lattice containing cavities that are occupied by molecules from a 
guest gas.  The partial adsorption of the guest molecules within their cavities gives stability 
to the system, hence, forming clathrate hydrates of gases. The cavities show different 
shapes and sizes; pentagonal dodecahedron (512), tetrakaidecahedron (51262), 
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hexakaidecahedron (51264), irregular dodeca-hedron (435663), and icosahedrons (51268). The 
symbols between parenthesis correspond to Jeffrey`s Notation of Cavities [3, 4]. The 
combination between different numbers and types of cavities builds up unit cells which 
form hydrate structures such as sI, sII and sH [1, 2]. Hydrate structures sI and sII are those 
most frequently observed, which consist on (51262) and (51264) groups, 12 pentagonal with 2 
hexagonal water molecule rings  (24 water molecules) and 12 pentagonal with 4 hexagonal 
water molecule rings (28 water molecules), respectiv ly. Both structure and stability of the 
regular crystalline lattice depend on the nature, size and shape of the guest molecules that 
occupy the cavities. Gas molecules such as methane, ethylene, ethane as well as carbon 
dioxide form type sI hydrates. Large molecules, on the other hand, would rather form II 
structure (propane, iso-butane) and sH (cyclohexane, cycloheptane). 
Over the last 100 years, large quantities of methane have been found in deposits of hydrate 
located in natural geological environments such as in the depths of the ocean as well as in 
the permafrost deposits in the arctic region. These large quantities of methane have come to 
represent a new and powerful source of energy for the future [5–7]. It has been estimated 
that there are more energy resources in these hydrates than in conventional fossil fuels [8, 
9]. Furthermore, during natural gas extraction, clathrate hydrates block the pipelines, under 
conditions of low temperature and high pressure, which is highly relevant at industrial level 
[10]. On another note, attention has been drawn to the use of hydrates as a mean of energy 
and mass storing [11, 12]. Recent attempts have been laid on separation technology based 
on clathrate hydrates, which mainly consists on the sel ctive partition of the components in 
both the hydrate phase and the gas phase [13-17]. The growing interest in the Greenhouse 
Effect has also produced an increase in the interest on the capture of CO2for the formation 
of hydrates [14-18].A further attractive example of technology that is based on hydrate 
separation is the process of concentration of aqueous solutions [19-22], such as in 
desalination and juice concentration. S. Li et al. [23] used clathrate hydrates of ethylene to 
simplify the concentration of orange juice. An adsorpti n–hydratation hybrid method was 
used for the separation of hydrocarbons [24, 25, 26] such as the mixture of gases C2H4 / 
CH4. 
Ethylene is one of the most important gases in the industrial level; it is also a special gas 
due to its great molecular size which within a wider range of temperature [27] forms 
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hydrates that have a potential application either in storage or separation. These 
investigations, carried out basically focused on the conditions of formation and occupation 
of cavities of ethylene hydrates [27, 28, 29, 30], have become highly important. Likewise, 
the separation of ethylene from the mixture of gases [27, 30-35], have become fundamental. 
In these research papers, it is suggested that the formation pressure of ethylene hydrates to 
the same temperature is considerably lower than CH4, 2H6, CO2, etc. [1, 27–36]. 
In order to be able to theoretically predict the conditions of formation and occupation 
(quantity of gas storage) of clathrate hydrates, different accurate thermodynamic models 
have been developed. The theory of Van der Waals and Platteeuw (vdWP) [37] was 
developed in 1958, combining statistical mechanics with the classical theory of adsorption 
(Langmuir model). In this theory, it is supposed that interactions between guest molecules 
and aqueous lattice are relatively weak and are limited to the gas molecule nearest 
neighbors (NN). Besides, the interactions between the guest molecules from the 
neighboring cavities are neglected, consequently, only the simple occupation of guest gas 
molecules is considered. Hence, the behavior of each guest molecule does not depend on 
the presence of other guest molecule. Some modifications were late introduced to this 
model, like multiple occupancy and flexibility of cavities [38-41]. Nevertheless, the theory 
of vdWP is currently the most important and widely used theoretical tool in the study of gas 
hydrate. 
Along the last years, computer simulations have proved to be a useful tool for studying 
occupation and stability of clathrate hydrates [42-50]. By doing a comparison between 
experiments and theoretical models, the importance of numerical simulations [49, 50] has 
been tested.  By using Monte Carlo (MC) simulations, Pimpalgaonkar et al. could 
determine the triple point lines for methane hydrates and ethane [49]. Papadimitriou et al. 
reported the number of occupied cavities for He andTHF mixed hydrates [50]. Results 
showed that large cavities were completely occupied by THF molecules, whereas the small 
cavities were partially occupied by He atoms. 
It is widely known that there are effects of lattice distortion in the clathrate hydrates when 
the cavities are occupied by guest species of different sizes. Zele et al. [44] show through a 
study of molecular dynamic (MD) how the volume of the cell increases according to the 
different sizes of the guest species, which produces a distortion in the chemical potential. 
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This expansion in the lattice causes an increase in the difference within the chemical 
potential of water in empty and filled lattice. Martín and Peters [51] carried out a 
modification to the theoretical model vdWP [37] introducing a distortion model of chemical 
potential in order to model lattice distortion. The larger the size of the guest species, the 
higher is the importance of the distortion in the cmical potential. Sizov and Piotrovskaya 
[46] studied the behavior of methane clathrate hydrates for flexible and rigid lattice. 
Through MC simulation in the grand canonical ensembl  (a three dimensional algorithm), 
isotherms of occupancy and phase diagrams were determined for the flexible and rigid 
hydrates. These results qualitatively agreed with the experimentations. Simulations were 
carried out using the model SPC / E for water [52] and the model UA was used for methane 
molecules [53]. The system used contained eight (2x2x 2) methane hydrate unit cells with 
3D periodic boundary conditions. In 2015, we develop d a 2D lattice-gas model and MC 
simulations for the study of the stability and distortion of sI structure in methane and 
carbon dioxide clathrate hydrates [54]. This was the first study of clathrate hydrates using a 
2D lattice gas model with a reduced number of parameters compared to the works 
previously mentioned [42-50]. The data allowed us to make phase diagrams that 
qualitatively agree with theoretical as well as experimental predictions from the literature. 
We finally concluded that the minimum degree of deformation coincides with one molecule 
per cavity as well as with the minimum range of free energy. Furthermore our 2D lattice 
gas model captures the essence of the phenomena of dist rtion and stability in clathrate 
hydrates occupied by the guest molecules. 
The main objective of this paper is to extend our previous model to study the degree of 
deformation of sI gas hydrates in the presence of ethylene, predicting the conditions in 
which hydrate is more stable through the degree of deformation. The present study is a 
natural continuation of our previous work and complements the results obtained in P. 
Longone et al. [54]. 
The rest of the paper is organized in the following way. The details of the model and MC 
simulation scheme are given in Section 2. The results are presented and discussed 
inSection3. Finally, the conclusions are drawn in Section 4. 
 
2. Lattice-gas model and Monte Carlo simulation scheme 
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2.1 Lattice-gas model: sI hydrate structure 
In this stage, we modeled, using a 2D discrete lattice-gas model and MC simulations, the 
distortion of the sI structure in the presence of the guest specie ethylene. The structure is 
reduced from 3D to 2D which then behaves as a discrete surface of adsorption sites wiFth a 
triangular geometry. Each lattice site, which is a part of the sI structure, represents an active 
adsorption center. The guest molecule adsorbs on the surface occupying more than one site 
(multisite occupancy must be considered). The hydrate is assumed to be stable previous to 
doing the simulations [42-50]. 
We consider a portion of sI clathrate hydrates composed by eight (2x2x2) unit cells, see 
Fig.1a. [55].Each unit cell contains two dodecahedron cavities (512) (small cavity) and six 
tetrakaidecahedron cavities (51262) (large cavity). The 3D points in blue correspond to 
water molecules.  
Fig. 1b.corresponds to a face of the structure observed in Fig. 1a. along the direction of x, y 
or z axes. If we make a transversal cut parallel to xz plane we obtain Fig. 1b. , then if we 
cross through the center of the structure (8 unitary cells) with dotted line 2, we can observe 
that the sI structure is divided in two symmetrical parts. These two parts have their 
equivalent face to those faces on the extremes indicated by lines 1 and 3. Since faces 1, 2 
and 3 are equivalent, we concluded on the feasibility of studying the behavior of the 
hydrates when the guest species try to occupy the cavities producing then a deformation on 
a 2D plane. This allows us to make an analogy between the adsorption-diffusion models 






















Figure 1: (a) Three-dimensional scheme of a portion of sI clathrate hydrate composed by 
eight (2x2x2) unit cells. (b) Part (b) is a view observing the structure of part (a) in one 
direction along either the x, y or z axis. (c) Identification of water molecules that form the 
hexagons which build up the structure sI in 2D. 
 
In Fig. 1c. , it can be observed both, the presence of hexagons formed by the water 
molecules, as well as the empty spaces that correspnd to large and small cavities 
(represented by dotted lines). These hexagons form parallel chains separated by empty 
spaces that correspond to cavities over the plane. Th  structure shown in Fig. 1c. can be 
mapped to a discrete triangular lattice (Fig. 2). The water molecules will be the sites 
occupied by the monomers (which occupy a single site) forming hexagons that correspond 
to the superior part of the cavity, while the empty spaces correspond to the small and large 
cavities. The triangular lattice has high connectivity (c=6) which allows us to build a 
structure formed by parallel chains of spaced hexagons within a distance that represents the 
cavities of sI hydrate in 2D as it had been previously observed in 3D.  In Fig. 2, we can 
observe that the small cavities are formed by three empty sites while large cavities are 
formed by 5. Finally, in Fig. 2, sites O do not represent water molecules however they are 
able to move to close neighbors. The reason why there are sites O is due to the fact that the 
water molecule crosses underneath this site being closed to the plane where the transversal 
cut was done Fig. 1b. Any guest molecule near site O does not energetically interact. 






Figure 2: 2D lattice-gas model for the structure sI of clathre hydrates. Water molecules 
are represented by previously adsorbed monomers on single sites. Empty sites between 
the chains of hexagons form the cavities. 
 
2.2 Lattice-Gas Model: Host Species or Adsorbates 
Host species are modeled by multisite occupancy in an adsorption model [56-58]. In this 
scheme, each ethylene guest molecule is considered an adsorbate molecule which has six 
units and each one of them occupies one single site in the lattice. The ethylene molecule 
cannot rotate on the axis of the carbon-carbon double bond. All the atoms are on the same 
plane [59] which is represented by the occupancy of six sites in the lattice (Fig. 3a.). In the 
simulation process the adsorption of an ethylene molecule is carried out as follows: once 
the first monomer, representing the carbon atom, is in this place, the second monomer 
(second carbon atom) occupies one of the three nearest neighbors to the first monomer 
since there are three possible directions. As soon as the second neighbor is occupied, the 
direction, the geometry and the remaining neighbors (hydrogen atoms) of the ethylene 
molecule (see Fig.3a.) are defined. 
In order to have a better understanding of the adsorption process, we introduced the 
methane molecule as a referent through a 2D lattice-gas model, which had been previously 
studied [54] (see Fig. 3b.). The most stable occupation for methane hydrate can be observed 
in the following Fig. 3b. The methane molecule has tetrahedral symmetry with three 
L1
H2O
 Small Cavity (3 sites) 





vertices in its base; accordingly, it is represented by the occupancy of three sites (forming a 
triangle) in the lattice. Thus, while the CH4 molecule occupies only two sites of length 
along the three directions (Fig. 3b.), the C2H4 molecule extends over three length constants 
along the three directions in the lattice (Fig. 3a.). These size differences (the ethylene 
molecule being larger than the methane molecule) have been already observed in terms of 
Van der Waals diameters [60], Lennard-Jones size term [61-64], etc. It is important to 
highlight that the geometry over the plane of the adsorbates plays a key role in our model 
due to the fact that the molecules show geometries in accordance to the real ones. The C2H4 
shows the two carbon atoms linked along a possible direction, the positions in the diagonal 
to this direction define the occupation of the hydrogen atoms in the lattice. 
In order to describe the lateral interactions betwen them and n species (m, n∈ C2H4, 






, = ,   (1) 
where lm,n is an interaction parameter that can be correlated to xperimental cage occupancy 
data. As in Refs. [51, 54], it has been assumed that lm,n = 1. εm (εn) represents the 
characteristic energy corresponding to the m (n) species. In this paper, εm/kB = 328.2 K 
(C2H4) and εn/kB = 102.134 K (H2O), where kB is the Boltzmann constant (see Ref. [51] for 
a more detailed discussion about εm and εn). Given that wm,n represents the site-site lateral 
interaction, a factor k is used in the denominator due to the number of units in the molecule: 
k=6 for C2H4-C2H4 and H2O-C2H4 interactions, and k=1 for H2O-H2O interactions. 
Two levels of approximation are considered for the lateral interactions between the 
adsorbed molecules. For the first degree of approximation (scheme 1), it is assumed that an 
ethylene molecule interacts with the surrounding species through its four ends (see Fig. 
3a.). For the second degree of approximation (scheme 2), the interactions corresponding to 
the internal units of the ethylene molecule are considered (see Fig. 3b.). Accordingly, 
scheme 1(2) accounts for 20(26) couplings for one ethyl ne molecule completely 
surrounded by occupied sites.  
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In both approximations, the magnitude of the lateral interaction between adsorbed units is 
homogeneous and equal to wm,n. A more detailed description, distinguishing the couplings 



















2.3 Monte Carlo Simulation Scheme and Thermodynamic Quantities 
   
 
Figure 3:  (a) Guest ethylene species adsorbed on large cavities. Guest molecules of 
ethylene deform the cavity when they are adsorbed. The figure shows two ethylene 
molecules interacting according scheme 1. Lateral interactions between nearest-neighbor 
adsorbed units are denoted by double-headed arrows. (b) Same as part (a) for two ethylene 
molecules interacting according scheme 2. (c) Guest methane species adsorbed on large 




As described in Section 2.1, sI hydrate structure is represented by a 2D triangular lattice 
(along with an hexagonal lattice), where the monomers previously adsorbed represent the 
water molecules forming chains of hexagons, while te empty sites determine the large and 
small cavities. The adsorbate molecules (C2H4) are modeled as six adsorption units (each 
one occupying a lattice site) having diverse shapes along the three directions of the 
triangular lattice. The surface of the hydrate is represented by a matrix of M=L1xL2 
adsorption sites with periodical boundary conditions. Nonetheless, the number of active 
adsorption sites is M*=L 1xL2–(NH2O + NO), where NH2O (NO) is the number of H2O 
molecules (O sites) in the sI structure.  
In order to describe a system consisting of N adsorbed molecules on M* sites at a given 
temperature T, the occupation variable ci is introduced: ci=0 if the site i is empty, and ci=1 if 
the site i is occupied. On the order hand, guest molecules ar adsorbed or desorbed as a 
unit, neglecting any possible dissociation. Under these considerations the energy of the 
system is given by; 




cccccccc jijijiji∑ −+++= δδδδδδδδ (2) 
where δ is the Kronecker delta function; w11 obtained fromeq1 and represents the NN 
interaction between guest molecules(C2H4–C2H4); w22eq.(1) is the NN interaction between 
water molecules (H2O–H2O); and w12 eq.(1) corresponds to the NN interaction between a 
guest molecule and a water molecule (C2H4–H2O ). w11 w12 and w22 are considered 
attractive interactions (w11, w12, w22<0). <i,j> represents all pairs of NN sites. The term 
kNw11 is subtracted in eq.(2) since the summation over all the pairs of NN sites 
overestimate the total energy by including kNw11 internal bonds belonging to the N
adsorbed guest molecules. As it can be seen from Fig. 3a. , k = 6 for C2H4 molecules. 
The process is simulated through MC simulations in the grand canonical ensemble, using a 
typical adsorption–desorption algorithm [56-58]. The algorithm consists in carrying out a 
number of Monte Carlo stages (MCS) with the aim of equilibrating the system. After that, a 
new set of MCS evaluation is done. Thermodynamic quantities of interest (such us a 
deformation degree or coverage degree) are obtained in order to reach an average value. 
Typically, the equilibrium state can be appropriately r produced after discarding the first 
r=107 MCs. In that case the next r=2x107 MCs are used to calculate averages. This is 
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performed for fixed values of temperature T and chemical potentialµ  (or fugacity in an 
alternative formulation). An elementary MCS can be detailed as follows: 
 
1. Set the values of chemical potential µ and temperature T.  
 
2. Choose randomly one of the M sites, and generate a random number ξ ∈ [0, 1]. 
 
2a. If the selected site is empty, an attempt is made to adsorb a guest molecule as 
described in Section 2.2. The molecule is adsorbed if ξ <W, being W the Metropolis 
probability, W=min{1,exp[-β(∆E-µ∆N)]} with ∆N = +1 [68]. β=1/kBT and ∆E = Ef 
- Ei is the difference between the energies of the final a d initial states. 
 
2b. If the selected site is occupied with a guest molecule, an attempt is made to 
desorb the molecule as described in Section 2.2. The molecule is desorbed if ξ <W, 
being W the Metropolis probability with ∆N = -1. 
 
2c. If the selected site is occupied with a H2O molecule that has not been previously 
displaced, one of its six NN sites is randomly chosen. If the site is empty, an attempt 
is made to move the molecule toward the selected sit . The molecule is moved if ξ 
<W, being W the Metropolis probability with ∆N = 0. 
 
2d. If the selected site is occupied with a H2O molecule that has previously been 
displaced from its initial position, an attempt is made to return the molecule to the 
initial configuration. The molecule is moved if ξ<W, being W the Metropolis 
probability with ∆N = 0. 
 
3. Repeat from step (2) M times. 
 
In the MC simulations, we varied the chemical potential µ, monitoring the simple densityθ, 





=θ   and 
cavitiesofnumber
N
cavity =θ ,     (3) 
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where .. . means the average over the MC simulation runs. Once µ(θ) is obtained, the free 
energy per site is calculated by using the thermodynamic integration method [69]. The 
method in the grand canonical ensemble relies on the integration of the chemical potential 
µ coverage along a reversible path between an arbitrary reference state and the desired state 
of the system.  Thus, for N particles on M*  lattice sites, 
( ) ( )
0
0, *, , *, ' .
N
N
F N M T F N M T dNµ= + ∫ (4) 
In our case, the determination of the free energy in the reference state, F(N0,M*,T ), is 
trivial [F(N0,M*,T ) = 0 for N0 = 0]. Note that the reference state, N → 0, is obtained for 









df  (5) 









,      (6)        
where Nmov is the number of H2O molecules and O sites that move from their original 
locations; and NH2O+ NO is the total number of H2O molecules and O sites forming the sI 
structure without deformation. 
 
3. Results and discussion 
The adsorption of ethylene guest molecules (each one occupying six sites on a triangular 
lattice representing the sI clathrate hydrate structu e) was studied using a 2D lattice-gas MC 
simulation scheme. The water molecules are represent d by monomers previously adsorbed 
forming chains of hexagons along the lattice (see Fig. 2). These monomers can move to 
neighboring sites and return from an equivalent disance to the lattice constant. A simple 
finite-size analysis was carried out by using lattices with different sizes. With M=L1 x L2 
=80 x 128 (3072 H2O molecules and 512 O sites), we verified that finite-size effects are 
negligible. Then, the chemical potential µ  was used as control parameter and the values of 
θcavity were calculated as simple averages. The occupation of the ethylene molecules in 
clathrate hydrates still remains a work in progress.  
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Ethylene is characterized for having a geometry andsize which would prevent the 
occupation of smallest cavities. Thus, ethylene molecules would only occupy the largest 
cavities over the sI structure making the hydrate stable [70]. Nevertheless, some authors 
state that the ethylene guest molecules could eventually occupy the small cavities in the sI 
structure [30]. It is through the detection of two peaks in Raman crystal dispersion of 
ethylene hydrate that the presence of ethylene molecules in small cavities becomes evident. 
In our 2D lattice-gas model, there is one small cavity every two large ones. This means that 
approximately 2/3 of empty sites correspond to large cavities while the 1/3 remaining 
corresponds to small cavities.  
Fig. 4 shows the adsorption isotherms (θcavity as a function of the chemical potential µ) for 
ethylene (circles) and methane (squares) at T = 275 K. Lateral interactions were included 
according to scheme 1 (see Section 2.2). In the casof ethylene, the saturation point is 
reached when the occupancy of the cavities is θcavity = 2/3. At these conditions, the guest 
molecules occupy the largest cavities, generating a distortion in the lattice and preventing 
the occupancy of the small cavities. In fact, the geometry and size of the ethylene molecule 
deforms the occupied cavities, increasing its size. This increase in the size of the largest 
cavities is at the expense of a corresponding decrease in the small cavities. The resulting 
size of the small cavities does not allow the adsorpti n of ethylene molecules. Nevertheless, 
as it is shown in Fig. 2a. , the small cavities canbe occupied at low coverage, producing a 
great distortion as well as instability in the lattice. This point will be discussed in detail in 
Fig. 5. 
For comparison, Fig. 4 also includes the methane adsorption isotherm. As it has already 
been mentioned in Section 2.2, methane is a smaller molecule compared to ethylene. This 
size difference allows that the methane molecules occupy small and large cavities. Thus, 
Fig. 4 shows that, for a same value of chemical potential (µ≈ -0.25), the density of methane 
is θcavity≈1 (one molecule per cage/cavity) while the ethylene coverage is θcavity≈1/3. In 
addition, in the case of methane, the maximum coverage is θcavity≈ 1.4 >1. This finding 
indicates that, as predicted in Ref. [71], more than one molecule can occupy the large 






Figure 4: Adsorption isotherms for CH4 and C2H4clathrate hydrates at T = 275 K. 
 
 
In Section 2.3,the degree of deformation D was defined, eq.(6). The determination of D 
allows us to obtain information about the distortion of the 2D sI clathrate hydrate structure, 
due to the adsorption of ethylene in the cavities. In Fig. 5a. , the degree of deformation is 
plotted as a function of the coverage θcavity for ethylene hydrate clathrates and different 
temperature values ranging between 260K and 300K. As it has been previously stated (see 
discussion of Fig.4), the deformation can be associated to the relation between the size of 
the cavity and the guest molecule. In addition, temp rature variations can cause distortions 
in the lattice. Hence, the degree of deformation decreases as the temperature increases. In 
order to interpret this behavior it is more convenient to analyze the curves in terms of the 
magnitude of the reduced lateral interaction (|wmn/kBT|). Thus, as the temperature decreases, 
the attractive lateral couplings become important, contributing to increase the coverage of 
the cavities and, accordingly, causing a distortion in the hydrate structure. 
Continuing with the analysis of Fig. 5a. , the curves of D(θcavity) show two minima during 
the filling of the cavities. The first minimum appears for values of θcavity between 0.15 and 
0.20. Then, a second minimum occurs to higher values of θcavity (0.30 <θcavity< 0.40). To 



























understand the behavior of D, it is useful to analyze also the free energy per site f as a 
function of θcavity. This is done in Fig. 5b. for the same cases report d in Fig. 5a. . 
 
 
Figure 5: Degree of deformation D (top figure) and free energy for site f (bottom figure) 
vs. cavity coverage θcavity for ethylene hydrate clathrate at different temperatures. 
 
 
By inspecting Figs. 5a. and 5b., it can be observed that the second deformation minimum 
coincides with the minimum values of the free energy, which means that an occupancy of 
0.30 <θcavity< 0.40 provides higher stability to the ethylene clathrate hydrate. As the 
coverage θcavity is increased, the distortion increases abruptly along with the free energy, 

























indicating thus that the hydrate becomes unstable. In a previous work [54], we studied the 
behavior of the degree of deformation in the sI structure for the methane species. The 
obtained results showed that the minimum values of D and f agree with the location of one 
methane molecule per cavity. As discussed in Fig. 4, the size difference between methane 
and ethylene is responsible for this behavior. 
With respect to the first minimum in Fig. 5a., this s ngularity coincides with high levels of 
free energy which makes the system unstable. At this coverage regime (0.15 <θcavity< 0.20), 
a possible occupancy of small cavities could occur. We say “could” because, even though 
this phenomenon has already been experimentally tested [30], more investigation is needed 
to confirm this hypothesis. Work in this line is in progress. 
A behavior qualitatively similar to that observed in Figs. 4 and 5 was obtained by using the 
scheme 2 for the lateral interactions (data not shown here for brevity).  
According to the results presented in the in Fig.5, the stability phase diagram for ethylene 
clathrate hydrate is constructed considering the chemical potential βµ corresponding to the 
minimum value of D (and f). In order to compare with experimental results, i is more 
convenient to write the simulation data in terms of the P. For this purpose, a lattice-gas 
correction to the ideal gas approximation can be used [72, 73], 
( ) ( ) ( ) )7(/ln3/lnln 3 Λ∆+Λ−= rkTkTkTPkTµ  
Where Λ is the thermal deBroglie wavelength and ∆r is the separation between lattice-gas 
sites. In our calculations, we set ∆r ≈ 1nm according to the separation distance between two 
nearest-neighbor adsorbed ethylene molecules (see Fig. 3a., where the lattice constant is 
approximately 0.3 nm). The resulting stability curve is presented in Fig. 6a (solid circles). 
The procedure was repeated for the curves of degree of d formation and free energy for site 
obtained by using scheme 2. The corresponding stability curve is shown in Fig. 6a by open 
circles. It is important to remark that these lines are not phase coexistence lines, but lines 
that separate a stable from an unstable region. 
In Fig. 6b., our results are compared with previous experimental and theoretical data 
obtained for pure ethylene clathrate hydrate [35, 71, 4, 75]: solid circles, this work 
(scheme 1); open circles, this work (scheme 2); squares, Ref. [35, 71]; stars, Ref. [61]; 
diamonds, Ref. [75]; and triangles, Ref. [74]. In both cases (scheme 1 and 2), the pressure 
increases monotonically with increasing temperature. However, even though the values 
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reported here are in the range of those previously informed in the literature, the slopes of 
the (P/P0-T) curves obtained from our model are smaller than those in Refs. [35, 71, 74, 
75].  
The comparison between the curves calculated from schemes 1 and 2 shows that the results 
improve substantially when a more detailed adsorptin potential is used in the simulations. 
Note that the slope of the (P/P0-T) curve calculated from scheme 2 is almost 4 times bigger 
than the corresponding one obtained from scheme 1. Thus, the model presented here can be 
thought of as an initial coarse-grained model, which can serve as a starting point for 
addressing the complexity of dealing with clathrate hydrate phase equilibria. In this 
direction, our next step for further research is to develop a more refined strategy for 
counting the interaction energies between the adsorbed species. 
As the temperature is increased above 315 K, the existence of a quadruple point Q2 (gas 
hydrate phase, gas phase, saturated liquid water phase and saturated guest liquid phase) for 
ethylene clathrate hydrate is expected [30, 32]. The point Q2 is not predictable from our 
model, whose starting point is a phase of frozen water forming cavities (assumed as stable) 
in contact with a guest gas. Consequently, the simulation results are limited only to a stable 
region of the hydrate due to a minimum deformation of the sI structure (minimum free 
energy level of the system). Last, an unstable region on account of high values from the 
free energy coincides with maximum values of deformation.  
Summarizing, the proposed model is capable to predict some essential characteristics of the 
behavior of the clathrate hydrates with a not too expensive computational cost. The 
observed deviations with respect to the experimental points can be attributed to the 
limitations of a simple coarse-grained lattice-gas model. However, the understanding of 
simplified models, with a small number of parameters, might be a help and a guide to 
establish a general framework for the study of this kind of systems. The cost of introducing 




Figure 6: a) Phase diagrams P (Mpa) vs T for ethylene hydrate clathrate. Solid and open 
circles represent simulation data obtained by using chemes 1 and 2, respectively. Up to the 
stability line the hydrate is in a stable stage. While, under the stability line the hydrate is 
unstable. The stability line is not a line of coexistence of phases. However, this line is in a 
qualitative agreement with phase diagrams of part b). b) Experimental and theoretical phase 
diagrams P vs T for ethylene hydrate clathrate obtained from :squares, –F. Ma et al. [35] 
and L. E. Snell et al. [71]; stars, M. Lasichet al [61]; diamonds, K. Tumba, et al. [75]; and 





It is clear that a complete analysis of the stability and degree of deformation of gas hydrates 
in the presence of guest species is a quite difficult subject because of the complexity of the 
involved systems. For this reason, the understanding of simple models with increasing 
complexity might be a help and a guide to establish a general framework for the study of 
this kind of systems. In this context, the present work tries to contribute to the 
comprehension of some essential characteristics of I clathrate hydrates of ethylene by 
means of a very simple model. For this purpose, Monte Carlo simulations in the framework 
of a 2D lattice gas-model have been used. The adsorption process has been monitored by 
following the adsorption isotherm (coverage of the cavities θcavity as a function of the 
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chemical potential µ), the degree of deformation of the sI structure, and the free energy of 
the adsorbed phase. 
Two levels of approximation were considered for thelateral interactions between the 
adsorbed molecules: scheme 1, where each ethylene mol cule interacts with the 
surrounding species through its four ends; and scheme 2, where the interactions 
corresponding to the internal units of the ethylene molecule are also considered. In both 
cases, the obtained results for the adsorption isotherm indicate that ethylene molecules 
adsorb in the largest cavities, generating a distort on in the lattice and preventing the 
occupancy of the small cavities. The maximum coverag  reached θcavity = 2/3 (one molecule 
per each large cavity) contrasts with the corresponding value of θcavity≈ 1.4 for methane 
(more than one molecule per cavity). This behavior can be understood from the size 
difference between methane and ethylene.  
The degree of deformation of the lattice (D) and the free energy per site of the adsorbed 
phase (f) were calculated as a function of the cavity density. The curve of D shows two 
minima. The first minimum coincides with high levels of free energy which makes the 
system unstable. At this coverage regime, a possible occupancy of small cavities could 
occur. As mentioned in previous section, more investigation is needed to confirm or discard 
this conjecture. 
In addition, the behavior of D and f relates to the stability of sI structure. In fact, the second 
deformation minimum, which coincides with the minimu  values of the free energy, 
allows to determine the stability region to the ethylene clathrate hydrate. The obtained 
results indicate that the most stable condition of the system occurs for values of the cavity 
density ranging between 0.35 and 0.4. In the case of methane hydrates, the most stable state 
was found at coverage close to one (one methane molcule per cavity) [54].  
Finally, the (P/P0-T) phase diagram was calculated from the values of the chemical 
potential at the minimum deformation. The resulting curve, which separates a stable region 
from an unstable region, was compared with previous experimental and theoretical data 
[35, 71, 74, 75]. Even though an increasing (P/P0-T) behavior was obtained in the present 
work, the slope of the curve differs from that in previous studies. Our work also shows that 
the results of the model improve with a more refined counting of the lateral interactions. 
Thus, as an illustrative example, the slope of the (P/P0-T) curve calculated from scheme 2 
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is almost 4 times bigger than the corresponding onebtained from scheme 1. These 
findings (i) encourage the development of more sophisticated counting procedures for 
determining the adsorption force field; and (ii) suggest that the model introduced here may 
be a good starting point for studying the rich problem of clathrate hydrate phase equilibria. 
Our approach may not be as accurate as other techniques such as molecular dynamics 
simulations, but it is elegant, computationally inexp nsive and, with slight modifications, 
could be applied to other related areas such as adsorption in zeolites and metal-organic 
frameworks. In this line, future research will be directed (1) to estimating more precisely 
the couplings between adsorbed units, considering their chemical nature and spatial 
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